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ABSTRACT: Detection and identification of the microorganisms involved in biodeterioration of cultural heritage 
materials is vital. Since some artworks have an incalculable value, the use of nondestructive sampling methods is 
preferred. In this study, the possibility of using RNA-FISH technique for detecting microbial cells with low RNA content, 
isolated from biodegraded cultural heritage materials, was investigated. So, the possibility of the RNA-FISH protocol 
implementation as a noninvasive approach was studied. Wood and stone slabs artificially inoculated with yeast and 
bacteria cells were prepared and different sampling methods were applied to evaluate their performance regarding: i) the 
number of cells extracted and ii) the signals obtained by the RNA-FISH technique. It was possible to conclude that is 
possible to apply RNA-FISH for detecting cells with low RNA content and is possible to use noninvasive sampling in 




It is a well-documented phenomenon that microor-, cause deterioration of Cultural Heritage (CH) (Müller et al., 2001; 
Otlewska et al., 2014; Rosado et al., 2014). For the development of adequate conservation and restoration strategies it is 
necessary to identify them (Sterflinger and Piñar, 2013). Thus, multiple efforts are focused on the improvement of 
approaches that allow microbial signalization. An in suspension RNA-FISH (Fluorescence In Situ Hybridization) protocol 
was previously proposed by our group as an alternative for ex situ analysis of the metabolically active microorganisms 
(Vieira et al., 2016). The low RNA content of the target cells has been previously reported as a possible limitation for 
RNA-FISH application in environmental and CH samples (Hoshino et al., 2008) and the use of noninvasive sampling 
methods is preferred in CH field. Thus, the aim of this work was to investigate: i) the capacity of the RNA-FISH protocol 
cited above to detect yeast (Rhodotorula sp.) and bacteria (Bacillus sp.) cells with low RNA content; and ii) the possibility 
of adapting it for its application in samples collected by noninvasive methods. 
 
2. MATERIALS AND METHODS 
 
2.1. Detection of cells with low RNA content using FISH 
Microbial cells isolated from artworks (Rhodotorula sp. and Bacillus sp.) were cultured and recovered in death phase 
(with 32 days of growth) from liquid cultures (of Malt Extract for yeast and of Nutrient Broth for bacteria, incubated at 
30°C and 120 rpm) and washed with Phosphate-Buffered Saline solution (PBS; 130.0 mM NaCl, 8.0 mM NaH2PO4, 2.7 
mM KCl, 1.5 mM KH2PO4, pH 7.2). 
The RNA extraction of Rhodotorula sp. was performed as described by Schmitt (Schmitt, Brown and Trumpower, 1990) 
and for Bacillus sp. as described by Atshan (Atshan et al., 2012). Total RNA was quantified using a spectrophotometer 
(Thermo Scientific Multiskan GO μDropTM Plate). 
The procedure followed for the application of the RNA-FISH technique was previously described by us (González-Pérez 
et al., 2017). A blank (without probe) and two assays with addition of individually probes to detect bacteria (EUB338-
Cy3) and to detect yeast cells (EUK516-Cy3) were performed. All assays mentioned above were carried out in triplicate. 
 
2.2 Combination of various types of sampling methods with RNA-FISH detection 
Artificially inoculated slabs were prepared for mimicking cultural heritage biocolonized materials. Wood and stone 
sterilized slabs (1x1 cm) were inoculated with 1.5 x 108 cells of Rhodotorula sp. and Bacillus sp. cells in exponential 
phase (resuspended in miliQ water). The slabs were incubated for 2 weeks. 
Samples were collected from the slabs using both nondestructive (swabbing with cotton swab for 30 s or pressing 1 cm2 
of filter paper, nylon membrane or nitrocellulose membrane impregnated with sterile distilled water for 30 s) and 
destructive methods (analyzing the cells after their extraction in suspension from a microsample).After sampling, the 
collected cells were fixed with absolute ethanol for 1 h. The cellular suspensions obtained were used for determining the 
cellular recovery capacity using each of the sampling methods selected (by direct counting in Neubauer chamber) and for 
evaluating the performance of the FISH technique. The following steps of the FISH technique were carried out as 
described previously by our group (González-Pérez et al., 2017). Four different RNA-FISH assays were performed using 
two individually probes (EUK516-6-FAM and EUB338-Cy3), a probe cocktail containing the two probes in equal 
concentrations (“Mix-(2)” = EUK516-6-FAM + EUB338-Cy3) and the blank. Each assay was performed in triplicate. 
The analysis were carried out using the biological microscope BA410E Motic equipped with a 100W Quartz Halogen 




3.1 Detection of cells with low RNA content using RNA-FISH 
 
For investigating the possibility of detecting cells from the CH with low RNA content using RNA-FISH technique, cells 
of Rhodotorula sp. and Bacillus sp., in death phase, were used. They were analyzed in terms of cellular RNA content and 
detectability of the signals obtained after the application of the RNA-FISH technique. 
The results revealed that the cellular RNA content of the cells in death phase was low (less than 1.25x10-3 pg/cell for 
Rhodotorula sp. and less than 1.12x10-4 pg/cell for Bacillus sp.), and, as expected, lower than that of the cells in 
exponential phase (4.42 x10-3 pg/cell for Rhodotorula sp. and 4.71x10-4 pg/cell for Bacillus sp.). After application of the 
RNA-FISH technique, the results showed that, even with low RNA content the cells were detectable by epifluorescence 








Figure 1. RNA-FISH signals of the Rhodotorula sp. (a) and Bacillus sp. (b) in death phase. 
 
3.2 RNA-FISH in combination with various non-invasive sampling methods 
 
The Number of Cells Recovered (NCR) using a micro-destructive and various noninvasive sampling methods (swabbing 

















Figure 2. Box plots show the NCR in wood and stone for both microorganisms (■ Rhodotorula sp. and ■ Bacillus sp.). 
 
The NCR for all sampling methods selected was determined (Fig. 2). The results of this study on wood material showed 
that the destructive sampling method was the one that allowed to obtain a higher NCR (Fig. 2). However, the fluorescent 
signals of the microorganisms resulting from combination of the RNA-FISH technique with this sampling method were 
sometimes masked by the autofluorescence of the support (Fig. 3a). For these reason, even if the NCR obtained for wood 
are lower using noninvasive sampling methods, they are preferred for further detection and identification of the cells 
recovered by RNA-FISH. Among the noninvasive methods tested, the impression with nylon membrane and swabbing 
with cotton swab showed the highest NCR for both yeast and bacteria, respectively (Fig. 2). In the case of stone, as 
observed for wood, the destructive sampling method showed fluorescent signals due to the support (Fig. 3b), which can 
cause false positives. The method that obtained the highest NCR for yeast was the nylon membrane impression method 
and for bacteria was the swabbing method with cotton swab. (Fig. 2). 
 
It was previously reported by other authors that the efficiency of recovery is influenced by several factors: i) the surface 
material; ii) the sampling method; 
iii) the material used for sampling; iv) the sample processing protocol; v) the properties of the target microorganisms; 
and vi) the analysis method. Our results evidenced that the sampling method applied affect the efficiency of recovery 
independently of the support sampled. But it was also possible to determine that the type of microorganism and the type 
of support are also factors with enormous influence (higher NCRs were obtained for yeast than for bacteria cells recovery 
independently of the support and sampling method applied and comparing the results obtained for wood and stone 











Figure 3. RNA-FISH signals of the microorganisms recovered by the sampling methods selected. Autofluorescence of the support of 
wood (a) and stone (b) using the destructive sampling method. Rhodotorula sp. fluorescent cells (c and e) obtained using nylon 
membrane impresion on wood (c) and stone (e). Bacillus sp. fluorescent cells (d and f) using the cotton swab on wood (d) and using 
nylon membrane on stone (f). 
 
In spite of the high variability associated to the recovery efficiencies (also reported by Buttner et al., 2007, regardless of 
the noninvasive sampling method used, good fluorescent signals were detected for both type of microorganisms 
inoculated (yeast and bacteria) on both supports (wood and stone) when applied FISH technique (Fig. 3 c-f). This 
evidenced the possibility of combining RNA-FISH and noninvasive sampling for microbial detection/identification in 




This work allowed to conclude that: i) FISH can be applied for detecting cells with low RNA content; and 
 
ii) it is possible to combine noninvasive sampling methods with RNA-FISH for detecting eukaryotic and prokaryotic 
cells proliferating in wood and stone materials. Furthermore, the proper type of sampling method to be used depends on 






This work was co-financed by ALT20-03-0145-FEDER-000015 project. and by FCT through the pro-ject PTDC/BBB-





Atshan, S. S., Shamsudin, M. N., Lung, L. T. T., Ling, K. H., Sekawi, Z., Chong P. P., & Ghaznavi-Rad, E. 2012. 
Improved method for the isolation of RNA from bacteria refractory to disruption, including S. aureus producing biofilm. 
Gene, 494(2), 219–224. 
 
Buttner, M. P., Cruz, P., Stetzenbach, L. D., & Cronin, T. 2007. Evaluation of two surface sampling methods for detection 
of Erwinia herbicola on a variety of ma-terials by culture and quantitative PCR. Applied and environmental 
microbiology. American Society for Microbiology, 73(11) 3505–10. 
 
González-Pérez, M., Brinco, C., Vieira, R., Rosado, T., Mauran, G., Pereira, A., Candeias, A., & Caldeira, A. T. 2017. 
Dual phylogenetic staining protocol for simultaneous analysis of yeast and bacteria in art-works. Applied Physics A, 
123(2), 142. 
 
Hoshino, T., Yilmaz, L. S., Noguera, D. R., Daims, H., & Wagner, M. 2008. Quantification of Target Molecules Needed 
To Detect Microorganisms by Flu-orescence In Situ Hybridization (FISH) and Catalyzed Reporter Deposition-FISH. 
Applied and Environmental Microbiology, 74(16), 5068–5077. 
 
Müller, E., Drewello, U., Drewello, R., Weißmann, R., & Wuertz, S. 2001. In situ analysis of biofilms on historic window 
glass using confocal laser scanning microscopy. Journal of Cultural Heritage,2(1), 31–42. Otlewska, A., Adamiak, J. & 
Gutarowska, B. 2014. Application of molecular techniques for the assess-ment of microorganism diversity on cultural 
heritage objects. Acta Biochimica Polonica, 61(2), 217–225. 
 
Rosado, T., Martins, M. R., Pires, M., Mirão, J., Candeias, A., & Caldeira, A. T. 2013. Enzymatic monitorization of mural 
painting biodegradation and biodeterioration. IJCS, 4, 603-612. 
 
Rosado, T., Reis, A., Mirão, J., Candeias, A., Vandenabeele, P., & Caldeira, A. T. 2014. Pink! Why not?. On the unusual 
colour of Evora Cathedral. International Biodeterioration & Biodegradation 94, 121-127. 
 
Schmitt, M. E., Brown, T. A. and Trumpower, B. L. 1990. A rapid and simple method for preparation of RNA from 
Saccharomyces cerevisiae. Nucleic Acids Research, 18(10), 3091–3092. 
 
Sterflinger, K. & Piñar, G. 2013. Microbial deterioration of cultural heritage and works of arttilting at windmills?. 
Applied Microbiology and Biotechnology, 97(22), 9637–9646. 
 
Vieira, R. González-Pérez, M., Pereira, A., Candeias, A., & Caldeira, A T. 2016. Development of new approaches for the 
detection of yeast and bacteria thriv-ing in mortars. Conservar Património, 23, 71–77. 
